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TRC-0302 
AASHTO 2002 Pavement Desgin Guide 

Design Input Evaluation Study 
 

EXECUTIVE SUMMARY 
 

Many highway agencies use AASHTO methods for the design of pavement structures.  Current AASHTO 

methods are based on empirical relationships between traffic loading, materials, and pavement 

performance developed from the AASHO Road Test (1958-1961).  The applicability of these methods to 

modern-day conditions has been questioned; in addition, the lack of realistic inputs regarding 

environmental and other factors in pavement design has caused concern.  Research sponsored by the 

National Cooperative Highway Research Program has resulted in the development of a mechanistic-

empirical design guide (M-E Design Guide) for pavement structural analysis.  The new M-E Design 

Guide requires over 100 inputs to model traffic, environmental, materials, and pavement performance to 

provide estimates of pavement distress over the design life of the pavement.  Many designers may lack 

specific knowledge of the data required.  A study was performed to assess the relative sensitivity of the 

models used in the M-E Design Guide to inputs relating to Portland cement concrete (PCC) materials in 

the analysis of jointed plain concrete pavements (JPCP) and to inputs relating to Hot-Mix Asphalt (HMA) 

materials in the analysis of flexible pavements.  For PCC, a total of 29 inputs were evaluated; the three 

pavement distress models (cracking, faulting, and roughness) were not sensitive to 17 of the 29 inputs.  

All three models were sensitive to 6 of 29 inputs.  Combinations of only one or two of the distress models 

were sensitive to 6 of 29 inputs.  For HMA, a total of 8 inputs were evaluated for each of two HMA 

mixtures; the three primary distress models (rutting, fatigue cracking, and roughness) were not sensitive 

to 6 of the 8 inputs.  Distress models exhibited sensitivity to only design air voids and effective binder 

content.  This data may aid designers in focusing on those inputs having the most effect on desired 

pavement performance. 

 

 





TABLE OF CONTENTS 

CHAPTER ONE:  Background ....................................................................................................1 
 
CHAPTER TWO:  Rigid Pavement Design .................................................................................8 
 
CHAPTER THREE:  Flexible Pavement Design .......................................................................46 
 
CHAPTER FOUR:  Summary and Conclusions ........................................................................92 
 
APPENDIX A:  Record of Inputs for MEPDG JPCP Analysis .............................................. A-1 
 
APPENDIX B:  Rigid Pavement Sensitivity Graphs................................................................B-1 
 
APPENDIX C:  Record of Inputs for MEPDG Flexible Pavement Analysis...........................C-1 
 
APPENDIX D:  Flexible Pavement Sensitivity Graphs .......................................................... D-1 
 
APPENDIX E:  Hot-Mix Asphalt Mixture Data ......................................................................E-1 
 
 
 
 





  

 1

CHAPTER ONE 
 

BACKGROUND 
 

Introduction 

The Arkansas State Highway and Transportation Department (AHTD) currently performs 

structural pavement design in accordance with policies and procedures contained in the 1993 

AASHTO Guide for the Design of Pavement Structures (hereinafter the 1993 Guide).  The 

procedures specified in the 1993 Guide (and the previous versions released in 1972 and 1986) 

were developed from empirical relationships determined during the AASHO Road Test 

conducted from 1958 to 1961 outside Ottowa, Illinois.   

AASHO Road Test 

“The principal objective of the AASHO Road Test was to determine the significant 
relationship between the number of repetitions of specific axle loads of different magnitude 
and arrangement, and the performance of different thicknesses of uniformly designed and 
constructed asphaltic concrete and reinforced Portland cement surfacings on different 
thicknesses of base and subbase when laid on a basement soil of known characteristics.” [1] 

The AASHO test roads were located just northwest of Ottawa, Illinois, about 80 miles 

southwest of Chicago, whereby the climate and the soil topography of the area were typical of 

those in the northern United States region. The test roads were constructed entirely on 

embankment to meet requirements. The test roads consisted of 6 loops (1 to 6) by which loops 2 

to 6 were trafficked while loop 1 was used for climatic and other observations. Each loop had 

two 12 ft wide traffic lanes which were independently trafficked. The test roads were subjected 

to truck loads moving at a constant speed of 35 mph, for about 19 hours a day over a period of 

about 2 years. The total number of axle loads over each experimental section in the test roads 

was over 1.1 million. The axles loads used ranged from 2 kips in single axles to 48 kips in 
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tandem axles. The subbase used on the test sections was a local plant modified sandy gravel mix. 

The road base used was a wet-mix crushed limestone. 

The Present Serviceability Concept 

The concept of serviceability was used to quantify the condition of each experimental 

pavement section along with the more commonly used observations of major pavement 

distresses such as permanent deformation and cracking. Serviceability is based on the 

assumption that road users are more interested in the ride quality of a pavement rather than the 

extent of the structural deterioration of a pavement. A subjective assessment panel of drivers of 

both private and commercial vehicles was formed to assess the concept of “ride quality” on 99 

selected lengths of roads, equally divided between flexible and concrete pavements,  in the states 

of Illinois, Minnesota, and Indiana. Each member of the panel was asked to rate the 

serviceability of each road using a scale of 0 to 5 as defined in a rating form. Furthermore, each 

member was asked to give an overall evaluation of the acceptability of each pavement section 

and whether or not the pavement should be allowed for continued service. The purpose of the 

acceptability evaluation was to establish a level of acceptability in the rating scale. The mean 

rating and the mean acceptability of the panel were used to define the present serviceability 

rating (PSR) of each pavement. The results of the assessment showed that a PSR value of 2.5 

reflected the critical condition likely to require future attention while a PSR of 1.5 indicated that 

the road was unfit for service [1]. 

With the results of the PSR ratings from 99 sites, engineers and statisticians involved in 

the AASHO road test produced equations relating the ride quality and major distresses to give a 

present serviceability index (PSI) which matched the PSR values produced from the assessment 

panel.  
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NCHRP 1-37a 

The AASHO Road Test, which at the time represented the most comprehensive pavement design 

study ever undertaken, has weaknesses which make it obsolete compared to current pavement 

performance information.  These weaknesses are purported to be addressed with the release of 

new pavement design guidelines prepared under National Cooperative Highway Research 

Program (NCHRP) Project 1-37a, which was completed in 2004.   

The primary product of NCHRP 1-37a is the Mechanistic-Empirical Pavement Design Guide 

(hereinafter the MEPDG).  The MEPDG utilizes a mechanistic-empirical (M-E) design approach 

as opposed to the current purely empirical approach.  Similar to former methods, the M-E 

approach will characterize the materials, traffic, and environment using relationships developed 

from field experience, thus the term "empirical"  The difference between the older “empirical” 

methods and this new M-E approach lies in that the pavement performance will be modeled 

using a rational process where the mechanics of the pavement structure are analyzed.  Due to the 

“empirical” nature of the predictive performance models, it is imperative that the models be 

calibrated by each agency that uses the software.  This will involve modeling existing pavements 

that have detailed information about the initial design as well as monitoring data over the life of 

the pavement.  Figure 1 shows a flow chart describing the design process. 

Another feature new to pavement design is the option of the design to use hierarchal 

input levels.  This allows the designer to input project specific information for some aspects of 

the pavement design (Level 1) where that information is available or to accept nationally 

averaged default values for inputs where no information is available (Level 3).  There is also a 

middle level of input, Level 2, where the designer might be able to input a different parameter 

than what is required and the software will make the correlation, or a more specific regional 
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value can be used.  This hierarchal input system allows for greater flexibility for application of 

the software.  Not all pavements would warrant the level of information required for Level 1 

inputs because theoretically, a design with Level 1 inputs is more accurate than a design with 

Level 3 inputs.  Once again, though, the accuracy of any model depends on the level of 

calibration that the system has undergone. 

 

 

Figure 1:  Flow Chart for Mechanistic Design of Pavements (from Draft Design Guide) [4] 

 

Due to the computationally intensive procedure utilizing mechanistic principles, software 

was developed for the MEPDG to aid pavement designers.  The primary purpose of TRC-0302 is 

to evaluate, by means of a quasi-sensitivity analysis, the inputs for the design of jointed plain 

concrete pavements (JPCP) and hot-mix asphalt (HMA) pavements to provide designers with 

guidance regarding the relative sensitivity of the performance prediction models contained in the 
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MEPDG and regarding appropriate values for those inputs.  Such information will make 

pavement design more efficient and aid the adoption and implementation of the MEPDG by 

AHTD. 

MEPDG Background 

Although the previous versions of the AASHTO Guide have been very useful for the last 

several decades, there are significant limitations to its continued effectiveness.  The limitations 

have been summarized as follows: [2] 

• Pavement rehabilitation design procedures were not considered at the Road Test. 

• Since the Road Test was conducted at one specific geographic location, it is difficult to address the 

effects of differences in climatic conditions on pavement performance. 

• Only one type of subgrade was used for all of the test sections at the Road Test. 

• Only unstabilized, dense granular bases were included in the main pavement sections (limited use of 

treated bases was included for flexible pavements). 

• Vehicle suspension, axle configurations, and tire types were representative of the types used in the late 

1950s, and many or these are outmoded in the 1990s. 

• Pavement designs, materials, and construction were representative of those used at the time of the 

Road Test. No subdrainage was included in the Road Test sections. 

• Axle configurations and tire pressures used for the Road Test do not reflect those of today. 

• Previous procedures relate structural integrity to pavement thickness, however, this is not always the 

case.  Rutting is an example of this.  Mechanistic design can model the stresses within the pavement to 

design a cross section that will resist rutting. 

• The Road Test only lasted approximately 2 years, and has been used for the design of pavements that 

are supposed to last 20 years, for example.  This requires significant extrapolation. 

• The Road Test only involved a total of approximately two million ESALs as a result of the limited 

time period.  Therefore, the effects of the loading were also extrapolated. 
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 These limitations have long been recognized by the pavement design community, and 

beginning in 1987 with the NCHRP Project 1-26, formal steps were taken to include mechanistic 

principles in the AASHTO design procedures.  The report published in 1990 as a result of this 

project included the first recommendations of mechanistic procedures to be included in the 

AASHTO guide.  This research proposed two programs -- ILLI-PAVE and ILLI-SLAB -- for 

flexible and rigid pavement design, respectively, to be the basis of the AASHTO mechanistic 

design procedure.  In turn, mechanistic design procedures for rigid pavement were included as a 

supplement to the 1993 Guide. [3] 

Realizing the shortfalls of the mechanistic procedures included in the 1993 Guide, the 

AASHTO Joint Task Force on Pavements (JTFP – now the Joint Technical Committee on 

Pavements) began an effort to develop an improved guide in 1997.  NCHRP Project 1-37 was the 

initial step toward developing this new Guide. Under Project 1-37, all the necessary parties were 

brought together to facilitate the development of the MEPDG coupled with the development of 

rudimentary software for M-E pavement design.  One very important aspect of the NCHRP 1-

37a work is the restriction that the MEPDG developed would be based on existing M-E 

technology to model the pavement performance over its life.  The completed NCHRP 1-37a was 

to deliver a fully developed MEPDG, rudimentary software, calibration/ validation procedures 

for adaptation to local conditions, plans for implementation and training on the software, and 

strategies to promote national interest and acceptance of the new design procedures. [4]   

Purported benefits of the mechanistic-empirical basis of the MEPDG include [2]:  

"The consequences of non-traditional loading conditions can be evaluated.  For example, the 
damaging effects of increased loads, high tire pressures, and multiple axles can be modeled.” 
 
“Better use of available materials can be made.  For example, the use of stabilized materials in both 
rigid and flexible pavements can be simulated to predict future performance.” 
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“Improved procedures to evaluate premature distress can be developed to analyze why some 
pavements exceed their design expectations.  In effect, better diagnostic techniques can be developed. 
Aging effects can be included in estimates of performance.  For example, asphalt hardens with time, 
which, in turn, affects both fatigue cracking and rutting.” 
 
“Seasonal effects such as thaw weakening can be included in estimates of performance.” 

“Consequences of subbase erosion under rigid pavements can be evaluated.” 

“Methods can be developed to better evaluate the long-term benefits of providing improved drainage 
in the roadway section."” 

 
 Recently, a follow-up project to NCHRP 1-37a – NCHRP Project 1-40 – was initiated to 

provide a critical third-party review of the work performed and the products produced.  The final 

report of the NCHRP 1-40 project is expected in 2006.  In addition, other NCHRP and State 

Highway Agency (SHA) projects have been initiated to “fill in” the perceived gaps in material 

models, distress mechanisms, and processes contained in the 1-37a MEPDG. 

Project Objectives 

The primary global objective for TRC-0302 was to provide Arkansas pavement designers 

guidance concerning design inputs for the MEPDG, both in terms of suggested initial (or default) 

values and in terms of the sensitivity of pavement performance predictions to specific input 

variables. Specific project objectives included: 

• Completely document design inputs. 

• Develop recommendations regarding input sensitivity. 

• Develop recommendations regarding initial design inputs. 

• Suggest methods for refining input values for Arkansas. 

The bulk of this report is divided into two main sections – Rigid Pavement Design (Chapter 2) 

and Flexible Pavement Design (Chapter 3).  Summaries of the project findings and conclusions 

are contained in Chapter 4. 

 



  

 8

CHAPTER TWO 

RIGID PAVEMENT DESIGN 

Overview of the MEPDG 

As mentioned, the MEPDG Software uses a mechanistic-empirical approach to model the 

pavement structure supplied by the designer.  This is important to understand because the 

performance model can only be as good as the characterization of the environmental conditions, 

traffic loadings, and material parameters.  A fundamental objective of this study is to relate the 

accuracy of the input parameters to the accuracy of the performance prediction for a given 

pavement.   

 The analysis that is performed to produce the performance model is based on the 

ISLAB2000 finite element program. [5]  However, the ISLAB2000 program does not run behind 

the design guide software.  Instead, because of the time it would require to perform the finite 

element analysis, neural networks were trained using thousand of results from the ISLAB2000 

program.  Once the pavement responses are determined with the analysis, transfer functions 

relate the pavement responses to pavement damage.  Using the pavement responses and 

pavement damage at many increments, typically monthly, over the design life, the damage is 

accumulated to produce the pavement performance model for each type of damage.  For JPCP 

pavements, these models predict the percent slabs cracked, the inches of faulting, and the 

smoothness expressed as the International Roughness Index (IRI).   

 With the pavement performance model, the designer can look at the predicted damage at 

any point during the design life and make changes to the design to bring the pavement 

performance into compliance with performance criteria. 

MEPDG Performance Models 
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As mentioned previously, three performance models are included in the MEPDG JPCP design 

software to aid the designer in choosing a pavement structure that will serve the needs of the 

traffic facility.  Those models are a cracking model (Top-down and   Bottom-up cracking), a 

faulting model, and an IRI model.  While this study focuses on JPCP, the rigid pavement design 

software also includes CRCP design which includes a punchout model to the list of models 

previously mentioned.  Each of these performance models are based on responses that are the 

result of the mechanistic analysis of the input pavement structure using the neural networks 

based on the ISLAB2000 program.  The general categories of inputs for the responses to be 

calculated are the following: 

• Traffic loading 

• Pavement cross section 

• Poisson’s Ratio for each layer 

• Elastic Modulus for each layer 

• Layer to layer friction 

• Thermal properties of each layer 

• Temperature and moisture gradients 

 From these inputs, stresses and resulting strains are calculated at various locations within 

the pavement structure.  The three strains are calculated using the following three equations 

based on the Poisson Ratio and Elastic Modulus of the layer. 

Major Strain: ( )[ ]trzz σσµσE
1ε +−=  Eq. 1  

Intermediate Strain: ( )[ ]trrr σσµσE
1ε +−=  Eq. 2 

Minor Strain: ( )[ ]zrtt σσµσE
1ε +−=  Eq. 3 

where: E = Elastic Modulus 

 µ = Poisson Ratio 
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 σz = Major Stress 

 σr = Intermediate Stress 

 σt = Minor Stress 

 The question, then, is how to determine the Elastic Modulus and Poisson’s Ratio of the 

PCC layer to determine the strains that will be used in the performance models.  These two 

material characteristics are determined by different means depending on the level of analysis 

desired (i.e. Level 1, 2, or 3).  Poisson’s Ratio has to be specifically input by the designer.  This 

means that they can either test a specific mix for Poisson’s Ratio (Level 1) or they can use 

typical values (Level 3).  Level 2 is not applicable because there are no correlations developed 

between other material properties and the Poisson Ratio.  Table 1, adapted from the Draft 

MEPDG, shows the procedure used to determine the PCC Elastic Modulus depending on the 

level of analysis the designer selects in the program. 

 As Table 1 shows, Level 1 requires that Ec be input directly for the 7, 14, 28, and 90 day 

curing times as well as a ratio of the 20-year to 28-day Ec.  However, of these values only the 28-

day compressive strength is routinely tested.  For this circumstance, Level 2 could be used 

because the program will use the compressive strength at the aforementioned times to calculate 

the Ec at those times using the following relationship: 

 5.0
c

5.1
c 'f33E ρ=  Eq. 4 

where: ρ = Unit Weight (pcf) 

 f’c =  Compressive Strength (psi) 

For both Levels 1 and 2, once Ec is determined, the mix specific regression constants for the 

Modulus Gain Curve will be determined and used to predict the modulus at each time increment 

that strain is computed.  The basic form of the modulus gain curve is below. 

 ( ) ( )[ ]21031021 AGElogAGElogSTRRATIO ααα ++=  Eq. 5 
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where: STRRATIO = ratio of Ec at AGE to 28-day Ec 

 AGE = age of specimen in years 

 αi = regression constants 

 

Material 
Category 

Type 
Design 

Input 
Level Description 

PCC (Slabs) New 1 

Ec, determined directly by laboratory testing.  Chord 
modulus (ASTM C-469) at various ages (7, 14, 28, 90-days). 
 
Estimate the 20-year to 28-day (long-term) elastic modulus 
ratio. 
 
Develop modulus gain curve using the test data and long 
term modulus ratio to predict Ec over the design life. 

  2 

Ec, determined indirectly from compressive strength testing 
at various ages (7, 14, 28, 90-days) from AASHTO T-22. 
 
Estimate the 20-year to 28-day compressive strength ratio. 
 
Convert f’c to Ec using the following relationship: 
     Ec = 33ρ3/2(f’c)1/2  psi 
                   where  ρ = concrete unit weight (pcf) 
 
Develop modulus gain curve using the test data and long 
term modulus ratio to predict Ec at any time over the design 
life. 

  3 

Ec, determined indirectly from 28-day estimates of flexural 
strength (MR) or f’c.  MR determined from testing 
(AASHTO T97) or historical records.  Likewise f’c estimated 
from testing (AASHTO T22) or from historical records.   
 
If 28-day MR is estimated, its value at any given time, t, is 
determined using: 
MR(t) = (1+log10(t/0.0767)-0.01566*log10(t/0.0767)2)*MR28-day 
 
Estimate Ec(t) by first estimating f’c(t) from MR(t) and then 
converting f’c(t) to Ec(t) using the following relationships: 
MR = 9.5 (f’c)1/2  psi 
Ec = 33ρ3/2(f’c)1/2  psi 
 
If 28-day f’c is estimated, first convert it to an MR value 
using equation above and then project MR(t) as noted above 
and from it Ec(t) over time. 

 
Table 1:  Determination of PCC Modulus of Elasticity [5] 
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When using Level 3 to determine Ec, the designer has two options:1) to enter the 28-day flexural 

strength; or 2) enter the 28-day compressive strength.  If the flexural strength is entered, it is 

estimated at any given time by an equation similar to the Modulus Gain Curve listed below:   

 ( ) ( ) ( )[ ]21010 0767.0
tlog01566.00767.0

tlog12.01tMR −+=  Eq. 6 

Then, using MR(t), the compressive strength at time (t) is estimated using the next relationship: 

 5.0
c'f5.9MR =  Eq. 7 

Finally, using Eq. 4, Ec(t) can be computed.  If the designer chooses to input the 28-day 

compressive strength, it is converted to the 28-day flexural strength using Eq.7, and the same 

procedure is followed to reach Ec(t). 

 Equations 1-7 and the accompanying discussions show how the software uses different 

levels of input to determine the parameters used in the actual performance models.  It is 

important to note that the neural networks and performance models always use the exact same 

information to create the output regardless of the level of input used by the designers.  The 

information is essentially the information entered at Level 1, and if Level 3 information is input 

into the program, then it is translated through mathematical relationships to yield the information 

that must be input at Level 1.  The performance models then use the input or calculated data to 

report measures of distresses (cracking, faulting, and IRI) based on the conditions set by the 

pavement designer   

 Those performance models used to predict the distresses were developed from creating 

regression equations using data from the LTPP pavement sections.  The specifics of each of the 

models will be discussed later, but because the models are based on regression equations, they 

yield an answer representing what would be expected to occur on average.  This correlates to a 
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reliability of 50%, or in other words, half of the observations would be less than and half would 

be greater than the reported result.  In any design, being adequate only half of the time is not 

good enough, so to be confident that the actual performance of the pavement is not worse than 

the model, software allows the designer to choose a higher level of reliability, 90% for instance.    

If the designer chooses a 90% reliability, the distress at 90% reliability is calculated using a 

normal distribution curve where the distress at 90% reliability is shifted by the product of the 

standard deviation of the model and the standard normal deviate (Z) for the specified reliability.  

This will yield a resulting distress measurement that should be conservative in 90% of the 

observations.  Another way to explain this is that the distress measurement of the pavement 

would only be exceeded 10% of observations.  This allows the designer to be assured that it is 

unlikely that the pavement is underdesigned. 

Cracking Model 

 The cracking model was based on 522 observations at 196 field sections from 24 states 

and yielded a standard error of estimate (SEE) of 5.4 percent and a R2 value of 0.86, which is 

quite good considering the fact that there are many variables that can affect the cracking of a 

pavement section.  The sections were part of the Long Term Pavement Performance (LTPP) 

study as well as from the Federal Highway Administration’s study Performance of Concrete 

Pavements. [4]  The model used for both top-down and bottom-up cracking by the MEPDG 

Software is shown in Equation 8. 

 68.1FD1
1CRK −+

=  Eq. 8 

where: CRK = predicted amount of cracking 

 FD = Fatigue damage 
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 For top-down versus bottom-up cracking, the fatigue damage is different based on the 

stress and strains within the pavement.  Then using both the top-down and bottom-up cracking, 

the total cracking reported for a roadway, in percent slabs cracked, is calculated using Equation 

9. 

%100))CRKCRK(CRKCRK(TCRACK downTopupBottomdownTopupBottom ••−+= −−−−  Eq. 9 

where: TCRACK = Total cracking in percent 

 CRKBottom-up = Predicted bottom-up cracking 

 CRKTop-down = Predicted top-down cracking 

 While this seems fairly simple, the problem lies in calculating the fatigue damage 

because of the high number of variables that could affect the cracking of the pavement.  The 

fatigue damage can be described as the sum of the number of loads applied divided by the 

number of loads allowed under a set of specified conditions as shown in Equation 10. 

 ∑=
n,m,l,k,j,i

n,m,l,k,j,i

N
n

FD  Eq. 10 

where: FD = total fatigue damage 

 ni,j,k,l,m,n = applied number of loads 

 Ni,j,k,l,m,n,= allowable number of loads 

 i = age (accounts for change in Modulus of rupture, interface bonding, and should LTE) 

 j = month (accounts form change in base and effective modulus of subgrade reaction  
   because of temperature and moisture changes) 

 k = axle type 

 l = load level – i.e. weight on the axle 

 m = temperature difference 

 n = traffic path – i.e. location of load on pavement 

For all of these combinations of wheel loads, positions, pavement age, temperature differences, 

etc., the MEPDG states that there are approximately 1 million cases that must be analyzed each 

year over the design life of the pavement. [4]  A finite element analysis program must be used in 
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the determination of fatigue damage. Due to the complexity of the analysis, neural networks 

were created for this design software. 

Faulting Model 

 Similar to the cracking model, the faulting model was developed using both LTPP and 

FHWA study sections for a total of 248 sections in 22 states for a total of 560 observations, 

yielding a model with an R2 value of 74.4 percent and a SEE of 0.0267 inches. [4]  The faulting 

model is based on an incremental approach where the faulting a specific time is calculated based 

on the conditions at that time and added to the previous faulting measures.  In other words, it is 

incrementally calculated and accumulated over time for the current value reported as can be seen 

by the following equations. 

 ∑
=

∆=
m

1i
im FaultFault  Eq. 11 

 i
2

1i1i34i DE*)FaultFAULTMAX(*CFault −− −=∆  Eq. 12 

 ∑
=

++=
m

1j

CEROD
5j70i

6)0.5*C1log(*DE*CFAULTMAXFAULTMAX  Eq. 13 

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

s

200EROD
5curcling120 p

WetDays*Plog*)0.5*C1log(**CFAULTMAX δ  Eq. 14 

where: Faultm = mean joint faulting at the end of month m, in 

 ∆Faulti = incremental change in faulting during month i 

 FAULTMAXi = maximum mean transverse joint faulting for month i, in 

 FAULTMAX0 = initial maximum mean joint faulting, in 

 EROD = base/ subbase erodibility factor 

 DEi = differential deformation energy accumulated during month i 

 δcurling = maximum mean monthly slab corner upward deflection due to curling and  
   warping 

 P200 = percent subgrade material passing #200 sieve 

 ps = overburden on subgrade, lb 



  

 16

 WetDays = average annual number days with greater than 0.1 in of rainfall 

 

 C12 = C1 + C2 * FR0.25 Eq. 15 

 C34 = C3 + C4 * FR0.25 Eq. 16 
where: C1 = 1.29  C5 = 250 

 C2 = 1.1  C6 = 0.4 

 C3 = 0.001725 C7 = 1.2 

 C4 = 0.0008    

 FR = base freezing index = percentage of time the temperature at the top of the base is 
    below freezing 

 

Smoothness Model 

 The model used for calculating the International Roughness Index (IRI) is used in 

determining the smoothness of the pavement at any particular time through the life of the 

pavement.  The smoothness model is much simpler than either the cracking or faulting models.  

However, the smoothness model is dependent upon what the cracking and faulting models yield.  

The model for smoothness given in equation 17 was based on 183 observations and produced an 

R2 value of 0.70 and SEE of 22.2 in/mi. [4] 

 SFCTFAULTCSPALLCCRKCIRIIRI 4321I ++++=  Eq. 17 

where:  IRI = predicted smoothness measured as IRI, in/mile 

 IRII = initial smoothness measures as IRI, in/mile 

 CRK = percent slabs with transverse cracks 

 SPALL = percentage of joints with spalling (medium to high severities only) 

 SF = Site factor 

 C1 = 0.0823   C3 = 1.4929 

 C2 = 0.4417   C4 = 25.24 

 

 000,000,1/)P1)(FI5556.01(AGESF 200++=  Eq. 18 

where:  AGE = pavement age, yr 

 FI = freezing index, oF-days 
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 P200 = percent subgrade material passing #200 sieve 

 

 Notice that the smoothness model also includes a factor for spalling, but no model for 

spalling has been discussed.  The spalling model is contained within the smoothness model since 

this is the only place that the information is used.   The spalling model is given in equation 19 

was based on 170 observations yielding an R2 value of 0.78 and an SEE of 0.068. [4] 

 ⎥⎦
⎤

⎢⎣
⎡
+⎥⎦

⎤
⎢⎣
⎡

+
= − )SCF*AGE*12(005.11

100
01.0AGE

AGESPALL  Eq. 19 

SCF = -1400 + 350*AIR%*(0.5 + PREFORM) + 3.4f’C*0.4 - 0.2(FTCYC*AGE) + 43hPCC - 536WC_Ratio Eq. 20 

where:  SCF = spalling prediction scaling  factor 

 AIR% = PCC air content, percent 

 AGE = time since construction, years 

 PREFORM = 1 if preformed sealant 

   0 if not preformed 

 f’c = PCC compressive strength, psi 

 FTCYC = average annual number of freeze-thaw cycles 

 hPCC = PCC slab thickness, in 

 WC_Ratio = PCC water/cement ratio 

 

Research Approach 

To successfully realize the objectives of this research, the action plan was divided into three 

phases: 

Phase I:  Perform analysis of theoretical pavements varying one input per trial to show the sensitivity of the 
program to that particular input. 

Phase II:  Determine which inputs have a significant impact on the overall performance of the pavement 
and rationalize conclusions with the performance model equations. 

Phase III:  Delineate what inputs to alter to yield better performance with respect to a specific model (e.g. 
pavement cracking). 

 

Phase I 
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 Phase I represented the bulk of the work which produced the data that was used in Phases 

II and III to draw conclusions about how the inputs affect the pavement performance prediction.  

The inputs that were analyzed are checked in the list of inputs in Appendix A, and the baseline 

data for the study is shown to the right of the input descriptions.  Using that baseline data, each 

one of the tested inputs was varied over some typical range of values to determine how each 

affects each of the three performance models for JPCP. 

Phase II 

 Once Phase I was completed, the data were analyzed to estimate which inputs have a 

significant impact on the performance models.  This was not done using a statistical analysis – 

but rather by comparing the graphs representing the performance models of the pavement and 

assessing the impact of varying the input over its typical range relative to ranges the performance 

prediction.   

Phase III 

 The data generated in Phase I, in conjunction with the conclusions drawn from Phase II, 

were used to define the relationship(s) between specific distress models and design inputs.   

Analysis and Results 

The results from the MEPDG Software is reported in an Microsoft Excel spreadsheet file that 

includes an Input Summary, tabular output of the performance models, and graphical output of 

the performance models.  To compare the output when varying a single input over a typical 

range of values allowed in the program, the tabular output of the models where compiled and 

graphs generated so that all of the models for varying one input could be compared on the same 

graph.  The comparison graphs for each varied input are included in Appendix B and discussed 

in the subsections that follow. 



  

 19

Curl/Warp Effective Temperature Difference 

The curling and warping effective temperature difference is a new parameter introduced to rigid 

pavement design. The curling and warping effective temperature difference is defined in the 

software as the “equivalent temperature gradient that will produce the same slab curling or 

warping that locks into the slab at the time of concrete set.”  The curling and warping effective 

temperature difference was tested at values of -5, -10, and -20 degrees Fahrenheit, with the 

program default value being -10 degrees.  

 The curling and warping effective temperature difference, as the name implies, will 

influence the degree of curling or warping that the slab experiences when curing.  As the 

gradient increases, so does the degree of curling or warping.  Likewise, as curling or warping 

increases, this results in more faulting as is reflected in Figure B1.  Similarly, as the temperature 

gradient increases, so does the stress developed because of that temperature gradient.  This stress 

results in the curling or warping of the pavement which will cause tensile forces one side of the 

pavement.  Since concrete is weak in tension, the pavement cracking will increase as curling or 

warping increases.  This trend is reflected in Figure B2, but is not as significant if the Curl/Warp 

Effective Temperature Difference is less in magnitude than -10 oF since the difference between 

the -5 oF and -10 oF curves are hardly noticeable.   

 As is shown in Equation 17 (the smoothness model) the IRI is a regression equation 

developed based on field observations of faulting, cracking, and spalling with the regression 

coefficients for each distress being indicative of the relative strength of each correlation.  One 

can notice that the coefficient applied to the faulting value is much higher than that applied to the 

cracking.  Thus one would expect that faulting would have more influence on the smoothness 

than the cracking.  This is logical since a simple crack does not affect the smoothness of the 
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pavement until movement occurs.  This observation is difficult to see in Figure 4 since both the 

cracking and the faulting models are both sensitive to the curling and warping temperature 

differential.  However, in the other inputs discussed, this trend will be more easily observed.  

Additionally, since the sensitivity of the smoothness model is dependent on the faulting and 

cracking model sensitivities, not every figure showing that sensitivity will be discussed.  Instead, 

only those that emphasize what has been discussed or have particularly interesting trends will be 

discussed. 

Joint Spacing 

 Joint spacing is a common aspect of JPCP design; however, the performance of those 

joints has never been modeled as it is in this program.  As the name implies, it is simply the 

distance between transverse joints in the rigid pavement.  The joint spacing in this study was 

varied from 10 to 20 feet as a continuous spacing for the length of the project. 

 As can be seen in Figures B4-B6, the pavement joint spacing is an important parameter in 

modeling pavement performance, especially in terms of designing to resist faulting.  You can see 

that over the typical range of spacing that a smaller spacing will yield less faulting, as expected.  

One thing to keep in mind is that these joints are dowelled and therefore, it is reasonable to 

expect that closer joints would increase the likelihood that the cracking in the slab would take 

place at the dowelled joints.  This would allow the dowels to resist the faulting at the cracks.   

 The results for cracking are also reasonable based on the rationale that the concrete will 

tend to crack at some fairly consistent interval, with that interval being dependent on the 

characteristics of the pavement section and the concrete mix.  Based on this, one could infer that 

if the joints are placed at an interval smaller than the cracking interval, there would be little 

effect by decreasing the joint spacing.  However, if the joints were placed at spacing larger than 
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that cracking interval, then there would be increased cracking in the pavement slab.  This is 

reflected in Figure 6 in that for the smaller spacing, there is little difference in the performance 

models, but once the spacing is increased, a great increase in cracking occurs.  It may appear that 

the data is in error since the percent slabs cracked is shown to be greater than 100%, but this 

occurs because of the normal distribution approach that the software uses in determining the 90% 

reliability model as discussed in the section titled “MEPDG Performance Models.” 

 As was discussed previously, since the faulting and cracking models are sensitive to the 

joint spacing, it is expected that the smoothness model is sensitive as well.  This is evident in 

Figure B6. The sensitivity shown in the smoothness model is because of the high sensitivity of 

the cracking model when the spacing is larger than the cracking interval of the concrete along 

with the sensitivity of the faulting model.   

Joint Sealant Type 

 As with joint spacing, the type of sealant used to seal the joints has long been considered 

in the design of the pavement, but the type selected was based only on what worked by 

experience and the project budget.  The design software allows selection of three different types 

of sealant or no sealant at all.  The sealants that the program allows the user to choose from are 

no sealant, liquid sealant, silicone sealant, or preformed sealant.  One aspect with joint sealants 

that is difficult to quantify in a performance model is the maintenance that must take place to 

keep any joint sealant performing as intended.  Nonetheless, the performance models’ sensitivity 

to the sealant type is shown below in Figures B7-B9. 

 The faulting sensitivity to joint sealant type shown in Figure B7 proves to be null.  At 

first thought, one may want to think that the joint sealant type would have at least some effect on 

the faulting of the pavement.  However, in reality, it is more likely a function of the maintenance 
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of the joint sealant, which would be very difficult to quantify in the model.  A liquid sealant 

should have the same potential of protecting from infiltration of water through the joint as a 

preformed sealant if it is maintained to keep it performing properly.  The difference lies in that a 

preformed sealant requires less maintenance than the liquid sealant, and maintenance is often the 

victim of budget cuts leading to poorly performing sealants. 

 Similar to the trend in the faulting model, the cracking model yields little sensitivity to 

the joint sealant selected.  This is likely due to the fact that the maintenance issues between the 

sealant types is really what separates their performance and, again, that is difficult to quantify in 

a mathematical model. 

 The smoothness model shows slightly more sensitivity than might be expected due to the 

lack of sensitivity of the faulting and cracking model.  However, the difference in the 

smoothness model lies between the preformed sealant and the other two sealants.  This is 

because of what is shown in Equations 19 and 20 for accounting for spalling in the smoothness 

model.  Equation 20 will be affected by whether or not the joint sealant is preformed.  It is this 

effect that is being shown in Figure B9. 

Joint Dowel Diameter 

 The joint dowel diameter allowed in the program ranges from 1.0 inches to 1.5 inches 

because this is the range over which the field sections that the models where built from varied, 

and is in fact a reasonable range for commonly used dowels. 

 The sensitivity of the faulting to the joint dowel diameter shown in Figure B10 shows 

that the faulting is highly influenced by the joint dowel diameter.  This makes sense in that at the 

same spacing, the load that each dowel has to carry will not change, but a smaller dowel bar will 
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have less bearing surface thus less resistance to faulting.  Based on this, the trend shown in 

Figure B10 makes sense.  The larger bars yield less faulting than the smaller bars.  

 Figure B11 shows that the cracking model is not affected by the joint dowel diameter.  

This makes logical sense because as mentioned in the joint spacing discussion, cracking is a 

function of the pavement section and mix properties and results in some relatively consistent 

interval and does not consider the joint dowels.  Where dowels do impact the slab cracking is 

when they become “locked” or where they do not allow the pavement to expand and contract 

with changes in temperature and moisture, but the size of the dowel doesn’t impact the likelihood 

of a dowel becoming locked. 

Figure B12 shows well the trend already discussed that the smoothness model is affected 

by the faulting model much more so than the cracking model.  The faulting model is highly 

sensitive to the dowel diameter but the cracking model shows no sensitivity.  The fact that the 

smoothness model shows sensitivity to the dowel diameter supports the mathematical model 

showing that the faulting value is given more weight than the cracking model based on the 

regression coefficients.  

Joint Dowel Spacing 

 The joint dowel spacing parameter is simply what the name states – the spacing between 

dowels at each transverse joint.  The program only allows for a small range of values to be 

entered and the models where tested over a range of 10 - 14 inches, which is a typical range used 

for rigid pavement construction.  The cracking model, shown in Figure B14, showed absolutely 

no difference over this range of values, which was expected and reinforced by the fact that the 

joint dowel diameter had no effect on the cracking.  Additionally, while the faulting model was 

expected to show some sensitivity, over this small range, the faulting showed almost no 
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difference between spacings.  Again, this is likely because of the small range of spacings that 

could be tested because it is logical that at some point the spacing would be so large that faulting 

would increase greatly because the stress at the joint could not be adequately transferred across 

the joint.   

Edge Support 

 The edge support allowed in the model can be handled in two ways.  The user can choose 

to use a widened slab on the edge of the pavement where the concrete slab extends beyond the 

traveled way, or the user can input a specific load transfer efficiency between the traveled way 

and the shoulder.  The purpose of this edge support is so that the software can properly model the 

load distribution at the edge of the pavement.  The comparison of each of these types of edge 

support are shown in Figures B16-B18 and discussed in the paragraphs that follow. 

 The faulting model shows some sensitivity to the type of edge support selected as can be 

seen in Figure B16.  This is fairly reasonable to expect based on the fact that corner loading is 

one of the load locations that has shown to be important in the design of rigid pavements.  If this 

loading at the corner can be distributed across the edge of the pavement, then the corner cracking 

will be reduced, as will be seen in Figure B17.  In turn, if the corner cracking is reduced, the 

faulting associated with it will also be reduced.  When Figure B16 is examined, one will notice 

that a 12-ft slab width yields the same result as no edge support, which would be expected if the 

lane width is 12 feet.  However, if the slab is widened one foot to a width of 13 feet, the faulting 

decreases substantially.  This is because the stresses at the corner of the slab are spread across the 

edge of the pavement as discussed earlier.  However, additional widening to 14 feet has hardly 

any improvement over the 13 feet wide slab.  The other option allowed under edge support is to 

specify load transfer efficiency for the edge support, whatever the type to be constructed will be.  
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These values would have to be determined by testing unless an estimate is made based on 

engineering judgment and experience.  As was expected, as the load transfer efficiency increases, 

the faulting decreases. 

As was discussed under Figure B16, the edge support is very important in predicting the 

corner cracking of a slab.  This is very evident in Figure B17 showing the sensitivity of the 

cracking model to the chosen edge support.  The same trend discussed concerning the faulting is 

followed by the cracking model, only at a more sensitive degree.  The 12-ft wide slab and no 

edge support yield the same results, but at the 13-ft wide slab, substantial improvements in the 

pavements resistance to cracking were seen.  No more improvements were made when the slab 

increased to 14-ft wide.  The cracking model does show more sensitivity to the values of load 

transfer efficiency chosen, however, and as expected, higher load transfer efficiencies will lead 

to less cracking.  

 Once again, since both the cracking and faulting models show sensitivity to the edge 

support, the smoothness model should be sensitive as well.  This is reflected in Figure B18. 

PCC-Base Interface 

 The PCC-Base Interface is modeled as bonded or unbonded.  If the interface is unbonded, 

meaning that the slab is not fixed to the base, then the slab will move independently of the base 

layer.  For example, due to temperature changes, when the concrete slab expands or contracts, 

the base layer will not create any additional resistance to the movement.  If the interface is 

bonded, then the concrete slab and base are fully connected and act as one unit.  If the interface 

is selected to be bonded, an additional input is required stating at what age will be pavement 

loose the bonded quality and begin acting as unbonded.  The sensitivity of the models to several 

interface options is represented in Figures B19-B21. 
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 The PCC-base interface shows that it does not affect the faulting of a concrete pavement 

as shown in Figure B19.  This makes sense because of the definition of the interface and the 

mechanism of faulting.  The interface is defined to be bonded or unbonded based on how the 

pavement and subgrade interact during horizontal and/or lateral movement.  Contrarily, faulting 

is the result of vertical movement.  While there may be a slight amount of horizontal or lateral 

movement when vertical movement takes place, it would be negligible, thus faulting never 

would invoke the interface relationship between the concrete and the base. 

 Where faulting is a vertical movement, cracking can be the result of horizontal tensile 

strains resulting from expansion and contraction of the concrete slab.  When this horizontal 

movement takes place, the interface properties of the slab become important in calculating the 

stresses and strains within the pavement, which in turn affects the damage produced in the slab.  

Figure B20 illustrates this phenomenon by showing the relative sensitivity of predicted cracking 

to the bonding condition of the base/slab interface.  A trend that is noticed in the graph is that the 

36 month bonded period is farther away from the unbonded condition than the 60 and 84 month 

bonded periods.  This does not seem logical since a 36 month bonded period would become 

unbonded after that 36 month period and would then act as an unbonded pavement.  It would 

then be logical for the 36 month curve to be closer to the unbonded curve rather than farther 

away.  This is an area that the software and/or performance models might require further 

refinement. 

 Figure B21 shows that predicted pavement smoothness, as represented by IRI, is not 

sensitive to the base/slab interface.  This seems reasonable due to the fact that the IRI model is 

more dependent on faulting (not sensitive) than cracking. 

Base Erodibility Index 
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 The base erodibility index in the terms of the program is described as “a numerical 

expression of the potential for a soil to erode considering the physical and chemical properties of 

the soil and the climatic conditions where it is located.”  The index ranges from 1-Erosion 

Resistant to 5-Very Erodable,   so by the naming convention, an index of 1 would be a better 

base material that one with an index of 5.  Figures B22-B24 show the relationship between the 

performance models and the erodibility index. 

 The faulting model shows little sensitivity to the base erodibility index for this particular 

pavement section when one looks at the y-axis of the sensitivity graph.  This is good because the 

base erodibility index is not a well defined input.  It is a measure of the likelihood of the 

pavement loosing its base support, but the baseline of the measurement is never established by 

the documentation of the program or design guide.  This could be improved in future releases of 

the design guide, but until then, engineering judgment will have to be used in selecting the 

proper index value.  It may be best to perform the specific analysis with different indices to test 

the specific sensitivity and use that information to select a reasonable value.  The sensitivity of 

the faulting model to the erodibility index does seem logical, though, since pumping is one of the 

main mechanisms allowing faulting to occur.  Pumping occurs when moisture infiltrates the 

joint, and when a load passes over the joint, the compression forces the moisture out of the joint, 

taking with it soil particles.  This is essentially a form of erosion. 

 On the other hand, the cracking model shows little sensitivity to the erodibility index as 

can be seen in Figure B23.  There is a slight difference, however, between indices 1-3 and 4-5, 

although this difference is very minor.   

 Since the faulting model showed little sensitive to the base erodibility index, the IRI 

model would be expected to reflect the same trend, and this is the case shown in Figure B24. 
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Surface Shortwave Absorptivity 

 The surface shortwave absorptivity is one of the many inputs of the new design software 

with which most pavement designers will not be familiar.  It is defined by the design guide as “a 

property of the body surface and is dependent on the temperature of the body and the wavelength 

of the incident radiation.  It is a dimensionless value and measured as a fraction of incident 

radiation that is absorbed by the body.” (4)  In simpler terms, it is a measure of how much solar 

energy can be absorbed by the pavement surface and is dependent on the composition, color, and 

texture of the pavement surface.  As for values, the Draft Design Guide recommends that for 

Level 1, the value be determined by laboratory testing although there is no AASHTO standard 

test for pavements.  For Level 3, it recommends using a value between 0.70 and 0.90 correlating 

to aged PCC surface.  Figures B25-B27 show how the performance models relate to the surface 

shortwave absorptivity. 

 While the surface shortwave absorptivity is a new parameter, several inferences can be 

made based on the definition of the parameter, and these are shown to be supported by the output 

of the design software.  Since the surface shortwave absorptivity is a measure the solar energy 

that is absorbed by the pavement, this solar energy could cause a higher temperature at the 

surface of the pavement.  This pavement temperature change would not appear to affect the 

faulting to a high degree.  This is what is reflected in Figure B25.  When the value of surface 

shortwave absorptivity is increased over the range of values recommended by the MEPDG, the 

faulting model only increases slightly. 

 On the other hand, Figure B26 shows that the cracking model is quite sensitive to the 

surface shortwave absorptivity.  The cracking increases as the surface shortwave absorptivity 

increases.  This trend follows the logical expectation based on the definition of the surface 
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shortwave absorptivity.  It is realized by pavement designers that concrete will crack under high 

temperature because the material tries to expand creating thermal stresses in the concrete, leading 

to cracking.  Well, this same phenomenon would occur when the solar energy absorbed by the 

pavement creates higher temperatures at the surface, and the thermal stresses created will result 

in cracks at the surface.  These cracks will then propagate through the slab because of the 

concentration of stresses that occur at the tip of the crack. 

 The IRI model seems to be only slightly sensitive to the surface shortwave absorptivity.  

This is because the faulting model shows little sensitivity to the parameter. 

Infiltration of Surface Water 

 The infiltration is measure of the amount of precipitation that will penetrate the pavement 

to contact the first layer of base material.  This could be through pores, cracks, or joints in the 

pavements.  It is measured as a percentage with the designer choosing 0%, 10%, 50%, or 100% 

of the precipitation infiltrating the pavement surface.  The MEPDG recommends that the 10% 

option be chosen when a proactive maintenance program will be followed or when tied shoulders 

or widened slabs are used; otherwise, the 50% option should be taken.  It states that the 100% 

will rarely be used for new or reconstructed pavements.  The sensitivity of the performance 

models to the selected infiltration is shown in Figures B28-B30. 

 As can be seen in Figure B28, the faulting model is not very sensitive to the infiltration 

selected.  Since there is a slight difference between no infiltration and the other selections, it 

appears that the model is only sensitive as to whether or not there is any infiltration.  This trend 

really is not what was expected since one would think that a higher degree of infiltration would 

yield more faulting since the base and subgrade would loose strength due to the additional 

moisture.   
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 The cracking model follows the same trend as the faulting model as can be seen in Figure 

B29.  That trend is that the only real difference is noted when varying the infiltration is between 

no infiltration and a selection that allows any degree of infiltration.   

 The effect that the infiltration has on the smoothness model is negligible as shown in 

Figure B30.  This is because the sensitivity of the faulting and cracking models where only slight 

and the smoothness model is a function of those two models. 

Length of Drainage Path 

 The length of the drainage path is measured from the highest point on the cross section to 

the point where drainage occurs.  For example, if pavement edge drains are used, the distance 

could be from the crown of the road to the drain pipe.  If edge drains are not used, the distance 

could be from the crown to the centerline of a drainage ditch alongside the road.  This parameter 

is used for calculation of the time it takes to drain the pavement.  The drain time, in turn, will 

affect the subgrade and base strengths because of the exposure to moisture.  The values were 

tested over a range of 12 feet to represent a single lane of traffic with edge drains to 24 feet to 

represent two lanes of traffic.  The program will allow values that range from 5 feet to 25 feet.  

Figures B31-B33 show the relationship between the drainage path length and the performance 

models. While this parameter was included in the design software to calculate the time required 

to drain the pavement, the performance models show no sensitivity to variations in the drainage 

path for typical pavement sections. 

Pavement Cross Slope 

 The pavement cross slope has long been an important parameter in roadway design, but 

was considered more from a geometric design standpoint rather than a pavement design view.  It 

has always been realized that adequate cross slope was needed to drain surface runoff, but rarely 
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has it been included in affecting the pavement performance from a structural viewpoint.  The 

software allows for a range of 0 to 5 percent for the cross slope, and the parameter was tested 

from 1 to 4 percent with the results being shown in Figures B34-B36.  Similar to the pavement 

drainage path, the performance models show no sensitivity to the pavement cross slope.  

However, in design of the typical section, a cross slope should always be selected to provide 

positive drainage across the pavement so as to minimize standing water on the pavement, as well 

as for the safety of the users of the roadway. 

Concrete Thickness 

 The thickness of concrete is obviously an important parameter the design of the pavement 

section.  The program allows for a range from 1-inch to 20-inches for the thickness of the PCC 

layer.  The parameter was tested over a more typical range of 6-inches to 18-inches and the 

results are discussed below Figures B37-B39.  

 Something very unusual was observed when looking at the sensitivity of the faulting 

model to the concrete thickness.  As can be seen in Figure B37, the 10” thick pavement appears 

to have much more faulting than the 6” and 18” pavements.  After comparing the input files for 

each of the pavements, there are not any differences between the files except for the thickness 

input for the pavement.  Furthermore, the cracking model shown in Figure B38 appears to be 

reasonable in that the 10” pavement shows less cracking between the 6” and 18” pavement.  

Considering these things, it appears that there could be a error in the performance model or 

software code for faulting. 

 While the faulting model appears to have an error, the cracking model shows a logical 

trend that as the pavement thickness increases, the cracking decreases.  Also, as Figure B38 

shows, as the pavement increases in thickness, the gain in resistance to cracking decreases, and 
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the opposite is true as well.  Notice that the 6” pavement exhibits much more cracking than the 

10” pavement.  This is logical in that as the pavement thickness decreases, the cracking 

increases.   

 Since the faulting model appears to have an error, and the smoothness model is 

dependent on that faulting model, the smoothness model, too, is in error.   

Concrete Unit Weight 

 The concrete unit weight is another parameter that is familiar to concrete pavement 

designers even though it was not considered in the current and past editions of the AASHTO 

pavement design procedures.  It was, however, measured for quality control purposes.  

Traditionally, concrete was assumed to have a unit weight of 150 pounds per cubic foot (pcf), but 

the program allows for a range from 140 to 160 pcf.  This is the range over which the sensitivity 

of the program was tested and the data shown in Figures B40-B42. 

 The faulting model is quite sensitive to the concrete unit weight.  Figure B40 shows that 

when the unit weight of the concrete decreases, then the faulting of the pavement will increase.  

This is expected based on the discussion summarized in Table 1, specifically Equation 4.  The 

concrete unit weight is used to estimate the Modulus of Elasticity if that is not directly input into 

the program.  Since this study focused on Level 3 inputs, the Modulus of Elasticity was indeed 

estimated from the concrete unit weight.  Therefore, the sensitivity shown for the concrete unit 

weight will coincide with the sensitivity to the Modulus of Elasticity. 

 Traditionally, the unit weight of concrete is assumed to be 150 pounds per cubic foot, 

however, there are many aspects of the concrete mix that can affect the unit weight.  The 

aggregate types and amounts, the amount of cement, and the amount of water, all will impact the 

unit weight of the resultant concrete mix.  Since the unit weight of the mix does impact the 
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model, the actual unit weight of the mix to be used should be input into the software to ensure 

the model is as accurate as possible.  While some agencies may not directly test this parameter 

for quality control, many contractors do test this parameter to verify the yield of the concrete 

delivered to the site.  Because of this, the test is not uncommon or difficult to perform, and 

actually, it is a test that must be performed to achieve certification by the American Concrete 

Institute (ACI) as a concrete testing technician. 

 Similar to the faulting model, the cracking model shown in Figure B41 is also sensitive to 

the concrete unit weight.  However, while the lighter concrete mix showed more faulting, it 

shows less cracking than a heavier mix.  For the same reason as the faulting model, once again, 

the actual unit weight of the mix should be entered to ensure the integrity of the model. 

 Since the faulting and the cracking models are both sensitive to the unit weight, the 

smoothness model should be sensitive to the unit weight, as well.  This is not reflected in Figure 

B42 as evidently as was expected.  However, since the relationship between faulting and unit 

weight is the opposite of the relationship between cracking and unit weight, the changes in the 

two models tend to offset one another when reflected in the smoothness model. 

Poisson’s Ratio 

 Poisson’s Ratio is commonly used by material scientists and engineers; however, it has 

never been explicitly considered in pavement design until now.  Poisson’s Ratio is defined as the 

ratio of lateral to longitudinal strain when a material is loaded in the longitudinal direction. (4)  

The MEPDG states that the Poisson’s Ratio has little effect on the response models but is 

required for computation of the stresses and strains within the pavement.  A typical range of 

values for PCC slabs is 0.15 to 0.25 (4) and this is the range of values shown in Figures B43-

B45. 
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 The Poisson’s Ratio is a very important parameter in calculating the stresses and strains 

in the pavement, as has already been stated.  This is further emphasized in the performance 

models response to variations in the Poisson’s Ratio of the concrete.  Specifically, in the faulting 

model, the sensitivity is not too great, but the Poisson’s Ratio does have some effect.  This is 

likely due to the mechanism of joint faulting being a vertical strain in the subgrade and has little 

to do with the concrete parameters aside from being able to support the bearing stress caused by 

the dowel bars.  This is where the Poisson’s Ratio likely comes into play, and the effect is shown 

in Figure B43. 

 The real effect of the Poisson’s Ratio on the predicted performance of a concrete 

pavement is reflected in Figure B44, showing the sensitivity of the cracking model to the 

parameter.  Since cracking is the result of lateral strain created under vertical loading, the 

Poisson’s Ratio, by definition, would be extremely important in predicting a pavements tendency 

to crack.  This is reflected in the cracking model’s sensitivity to the Poisson’s Ratio as shown in 

the Figure B44.  As the Poisson’s Ratio increases, meaning that the lateral strain in the pavement 

is higher relative to the longitudinal strain, the cracking model shows more cracking.   

 Figure B45 shows that the IRI model is only slightly sensitive to the Poisson’s Ratio, 

despite the fact that the cracking model is so sensitive to the Poisson’s Ratio.  This is because, as 

has already been stated, the smoothness model is much more sensitive to the faulting than the 

cracking in the pavement, as it should be.  Since the faulting is not very sensitive to variations in 

the Poisson’s Ratio, in turn, the smoothness model is not as well. 

Coefficient of Thermal Expansion 

 The coefficient of thermal expansion is the change in unit length per degree of 

temperature change.  In the case of the design software, it is reported per oF x 10-6.  This is an 
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important parameter because the curling stress is very sensitive to the coefficient of thermal 

expansion. (4)  The coefficient of thermal expansion of the concrete is really a composite value 

of that of the components of the mix.  It can be tested directly as the concrete mix or it can be 

calculated as a weighted average of the materials comprising the mix.  The MEPDG gives a 

range of values to use for the coefficient of thermal expansion for different aggregate types and 

cement pastes for use in the weighted average method.  A range of values for concrete in general 

is also given.  The sensitivity of the performance models to the concrete coefficient of thermal 

expansion is shown in Figures B46-B48. 

 As can be seen in Figure B46, the sensitivity of the performance models were tested over 

a range of 3 to 9 (x10-6 oF-1), while the typical values for a concrete pavement are between 4 and 

7 according to the MEPDG. (4)  Within this range, the faulting model is very sensitive to 

coefficient of thermal expansion.  This is in line with the fact that this parameter greatly 

influences the curling stresses.  These curling stresses can directly lead to faulting at the joints in 

addition to contributing to corner cracking. 

 The coefficient of thermal expansion is also important to the cracking model; however, 

the influence is smaller within the range of typical values that the MEPDG suggests.  Figure B47 

shows that within the range of 4 – 7, the cracking model is only slightly sensitive, however if the 

value of the thermal expansion is larger than this range, the cracking will greatly increase.  This 

shows that the designer should be assured that the mix used for the concrete pavement be within 

the range of typical values. 

 Since the faulting and cracking models showed sensitivity to the coefficient of thermal 

expansion, the smoothness model is also expected to be sensitive to the parameter.  This is 

shown in Figure B48. 
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Thermal Conductivity 

 The program defines the thermal conductivity as the “ratio of heat flux to temperature 

gradient.”  It is “a measure of the uniform flow of heat through a unit thickness, when two faces 

of unit area are subjected to a unit temperature difference.” This is an important parameter 

because it defines how much heat can penetrate the pavement increasing the temperature to 

create differentials and stresses within the pavement. (5)  The MEPDG does not give much 

guidance as to selection of values except that for Level 1, it should be tested directly (ASTM 

E1952) and for Level 3, it typically ranges from 1.0 to 1.5 BTU/ft-hr-oF with a typical value 

being 1.25 BTU/ft-hr-oF. (4)   However, similar to the coefficient of thermal expansion, it will be 

a composite value of the materials that enter the concrete mix.  It is also dependent on the density 

of the material because the air contained in the pores of the concrete will not transfer heat 

efficiently. (5)     The results from the performance models when the thermal conductivity was 

varied over the typical range are shown in Figures B49-B51. 

 As can be seen in Figure B49, the faulting model shows some sensitivity to the thermal 

conductivity; however, this effect is not great.  In a practical sense, concrete pavement could 

expand due to increased temperatures.  If there is not adequate room for the pavement to expand, 

likely because the joints were not properly designed or maintained, then the concrete could crack 

under compression at the joint.  In extreme cases, a blow-up could occur.  However, such 

considerations would be difficult to quantify for design purposes. 

 Unlike the faulting, the cracking model is quite sensitive to the thermal conductivity of 

the concrete.  This is shown in the high degree of change in the cracking prediction for various 

values of thermal conductivity.  This is expected because of what was stated in the introduction 

of the parameter.  The thermal conductivity is a measure of how much heat can pass through the 
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pavement, thus creating temperature differentials and thermal stresses that would lead to thermal 

cracks.  The trend shown in Figure B50 is that the cracking model is much more sensitive to 

values below the typical value of 1.25 suggested by the MEPDG than it is to values higher.  In 

both cases, however, a lower value for thermal conductivity yields more cracking. 

 Since the cracking model is so sensitive to the thermal conductivity, and the faulting 

shows some sensitivity, a similar trend is expected for the smoothness mode.  This trend is, 

indeed, reflected in Figure B51.   

Heat Capacity 

 Selection of values for the heat capacity of concrete is similar to thermal conductivity in 

that for Level 1, the MEPDG recommends laboratory testing of the mix (AASHTO D2766) and 

for Level 3, a value within the typical range be chosen.  The typical range is from 0.20 to 0.28 

BTU/lb-oF with a recommended value of 0.28 BTU/lb-oF. (4)  Unlike thermal conductivity and 

coefficient of thermal expansion, this value has little to do with the cement type or aggregates 

placed into the mix.  However, the heat capacity has been found to be effected by the water-

cement ratio, porosity, water content, and temperature of the concrete. (5)      

 Figures B52-B54 show the response of the performance models to varying the heat 

capacity of the recommended range.  Figure B52 shows that the faulting model is not very 

sensitive to the heat capacity within the typical range of values and acts similarly to the thermal 

conductivity.  Contrarily, the cracking model of Figure B53 does show sensitivity to the heat 

capacity.  This is likely because of the temperature gradients within the pavement will cause 

tensile stresses resulting in cracking.  However, since neither one of the faulting or cracking 

models have high sensitivity to the heat capacity, the smoothness model is relatively unaffected 

by changes in the input for heat capacity. 
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Cement Type 

 The cement type is another input that has been considered in concrete pavement design 

but not from a standpoint of performance of the pavement over its life.  Instead, the cement type 

was selected based on whether or not a fast setting mix was needed, for example.  The program 

allows for selection of Type I, Type II, and Type III cements.  Type I cement is the most 

common cement type and does not have any particularly special properties.  Type III cement, on 

the other hand, will reach high strengths earlier than Type I, and is often used when it is 

necessary to allow traffic onto the pavement soon after the concrete is placed.  Type II cement is 

often used when a low heat of hydration and standard set time is desired.   

 Figures B55-B57 show how the performance models respond to the different cement 

types.  The sensitivity of the models to the cement type is very minimal, but the same trend is 

followed throughout all of the models.  That trend is that Type III cement will yield more 

faulting and cracking, most likely because of the relationship between its strength gain and heat 

of hydration.  Since the strength gain occurs quickly, this means that more cement is being 

hydrated.  This cement hydration is an exothermic reaction meaning that it releases heat as the 

reaction occurs.  This fast set time and excess heat can contribute to thermal and shrinkage 

cracking if proper curing precautions are not taken.  The cracking can then allow for faulting 

since the cracks will likely occur where there are no dowels to transfer loads across the crack. 

Cement Content 

 The cement content is simply the measure of the weight of cement used in the concrete 

mix.  It has not been directly considered in previous concrete pavement design methods; 

however, the compressive strength and modulus of rupture (which are functions of cement 

content, but more so the w/c) have been considered.    The cement content will also affect other 
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overall properties of the concrete because as more cement is introduced, the effect of the water 

and aggregates to the mix will change.  Using a range of 500 to 700 lb, Figures B58-B60 show 

the response of the performance models to the range of cement content.   

 The sensitivity of the faulting model to the cement content shown in Figure B58 shows 

that faulting is minimally effected by the cement content.  This does stand to reason in one 

respect.  That is that, often, faulting is the result of a loss of support at the edge of the joint and 

not the strength of the concrete.  However, a stronger concrete would be able to support greater 

loads without support, but such strength is not common in pavements.   

 The cracking model show almost no response in variations of the cement content as can 

be seen in Figure B59.  This was somewhat unexpected, because of the additional heat generated 

during hydration with more cement would increase the likelihood of thermal cracking.   

 Since the cracking and faulting models did not show much sensitivity to the cement 

content, the IRI model should not show much sensitivity either.  This was the case reflected in 

Figure B60. 

Water-Cement Ratio 

 The water-cement ratio (w/c) is another parameter considered in mix design, similar to 

the cement content, but not traditionally considered in structural pavement design.  The w/c also 

has similar effects as the cement content to the concrete properties.  The w/c was tested over a 

broad range of values from 0.30 to 0.55 with the results being presented in Figures B61-B63.  

The w/c followed nearly the same trend as the cement content, which was expected since the two 

influence the same characteristics of a concrete mix.  Neither the cracking nor faulting modes 

show much sensitivity to changes in the w/c, and, therefore, neither did the smoothness model.   

Aggregate Type 
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 The aggregate type is a completely new parameter to structural concrete pavement 

design.  In the past, the aggregate type was just accepted as what was available and no 

consideration made about the effect on the performance of the pavement aside from desiring a 

high strength aggregate and compensating for D-cracking, alkali reactive aggregates, or other 

aggregate related distresses.  As was already discussed about the coefficient of thermal 

expansion, the aggregate type influences this value which has a high influence on pavement 

stresses.  The aggregate types that the program allows the user to choose from a list which 

includes Basalt, Chert, Dolomite, Gabbro, Granite, Limestone, Quartz, Ryolite, and Syenite.  

Figures B64-B66 show the performance responses to the aggregate type. 

 As can be seen in Figures B64-B66, none of the performance models are affected by the 

aggregate type chosen except for the cracking model which shows less cracking only when 

Limestone is selected as the aggregate.  While this is the case, the aggregate material properties 

would definitely impact the material properties of the concrete mix.  For example, it has already 

been discussed that the coefficient of thermal expansion is often determined by the aggregate 

type chosen in the mix.  Since this information can be more specifically entered into the program 

at that point, it is not reflected in the model based on the aggregate type selection.  Other 

considerations with aggregates are their size and angularity which also impacts the faulting and 

cracking of a concrete pavement because of the bond strength between the cement paste and 

aggregate, as well as, aggregate interlock at the joints.  This type of information is not inherent to 

any particular mineral type of aggregate; instead, it has more to do with the source and 

processing of the aggregate. 

PCC Set Temperature 
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 The PCC set temperature is called the zero stress temperature within the program; 

however, the PCC set temperature is more descriptive of the input.   It is simply the temperature 

of the concrete at the time of set.  The program allows for a range from 50oF to 125oF, however, 

the values were tested over a more typical range of  110 – 125oF.  The values over the higher 

range are due to the fact that the concrete will generate heat through the hydration process, and 

while there will be heat loss in colder conditions, the heat generated by the concrete remains 

fairly constant.  Figures B67-B69 show that the performance models are not sensitive to the set 

temperature within the tested range of values.   

 The MEPDG does not give much information on the impact of the set temperature to the 

calculation of the pavement stresses; however, based on the sensitivity of the models to varying 

the set temperature, there does not seem to be much of an impact.  In fact, the cracking model 

shows no sensitivity whatsoever.  Figures B67-B69 show how the models changed if the PCC set 

temperature was varied. 

Ultimate Shrinkage at 40% R.H. (microstrain) 

 The ultimate shrinkage is the shrinkage strain when exposed to extended drying 

conditions at 40% relative humidity.  The 40% relative humidity was chosen as a standard for 

this design guide. (4)   The MEPDG gives guidance as to the selection of the ultimate shrinkage 

by recommending that for Level 1, laboratory testing should be used, but for Levels 2 & 3, there 

are equations to estimate the input.  The program allows a range from 300 to 1000 microstrain, 

but the input was tested over a range of 600 to 800 microstrain and shown in Figures B70-B72. 

 The figures do not show much sensitivity to the ultimate shrinkage aside from the slight 

sensitivity of the faulting model.  The faulting model shows that when the shrinkage is higher, 

then slightly more faulting will occur than if the shrinkage where lower.  This makes sense 
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because as each slab shrinks between joints, then the aggregate interlock at the joint is reduced 

because of the additional space between the joints.  Furthermore, this creates a greater distance 

for the dowels to transfer load, thus reducing the efficiency of the load transfer causing one side 

of the joint to carry a larger percentage of the total load. 

Reversible Shrinkage 

 The reversible shrinkage is defined as the amount of shrinkage that can be recovered 

when the drying concrete slab is rewetted.  The MEPDG does not give a great deal of guidance 

on values for the input except for stating that unless more reliable information is available, a 

value of 50 percent of the ultimate shrinkage be recommended.  The input was tested over a 

range of 40 to 65 percent. Figures B73-B75 show the sensitivity of the performance models to 

changes in the reversible shrinkage. 

 Even at the range tested, the models have little to no response at variations in the value 

for reversible shrinkage.  For this reason, the 50% default value seems to be reasonable for all 

pavements. 

Time to Develop 50% Ultimate Shrinkage 

 The time to develop 50% ultimate shrinkage is defined by its name.  Once again, little 

guidance is given in the Draft Design Guide as to selection of values to input for this parameter.  

Essentially, it can be tested to determine a specific value of the mix, or the ACI suggested value 

of 35 days can be used.  (4)  Figures B76-B78 show the performance models’ response to 

variations of the time to develop 50% ultimate shrinkage.  Similar to the reversible shrinkage, the 

time to develop 50% ultimate shrinkage has practically no effect on the performance models.  

Once again, the default suggested value of 35 days should suffice for nearly all mixes. 

Curing Method 
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 The curing method is another parameter that has never been considered directly in rigid 

pavement design.  However, it has been considered to be important and often included in 

construction specifications.  Now the effect of the curing method to the pavement performance 

has been considered and is shown in Figures B79-B81.  The program allows for the selection of 

the either wet curing or the use of a curing compound, but not a selection for natural curing.  The 

curing method does show that the performance models respond differently to the different curing 

methods, but the difference is not at all profound. 

28-day Modulus of Rupture 

 The modulus of rupture, which the software uses as a measure of flexural strength, 

measured at 28 days of curing has always been recognized as a very important parameter in 

concrete pavement design.  It has been included in the rigid pavement design procedures 

published by AASHTO ever since the AASHO Road Test.  As was discussed about the 

performance models, the software uses the modulus of rupture to calculate the modulus of 

elasticity, which along with Poisson’s Ratio, is used directly in calculating the pavement stresses 

and strains to transfer to pavement response models.  Those performance models’ responses to 

variations in the flexural strength are shown in Figures B82-B84. 

 The faulting model does not show any sensitivity to the Modulus of Rupture of the 

concrete as can be seen in Figure B82.  This stands to reason since the mechanism for faulting is 

often associated with a loss of support at the joint or lack of load transfer across the joint.  

Neither of these mechanisms is affected a great deal by the concrete strength.  The trend does 

show that a higher flexural strength will yield less faulting, however.  This difference is likely 

due in part to the increased resistance to corner cracking often found in conjunction with 

faulting. 
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 While the faulting model shows little sensitivity to the flexural strength of the concrete, 

the cracking model, as shown in Figure B83, proves to be much more sensitive.  This, too, stands 

to reason, since traffic loads tend to “flex” a concrete slab – producing tensile strains in the 

bottom of the slab which lead to crack development and propagation.  The trend of the cracking 

model is that a higher flexural strength will yield less cracking, but that as the flexural strength 

increases, the gain in resistance to cracking becomes less.  This also seems logical, because once 

the concrete reaches a strength that is adequate to carry the loads, then there is no need for 

additional strength.  This is one of the benefits of this program – that the pavement can be 

tailored to the specific conditions to yield the most economical design, potentially eliminating 

over-design.   

 While the smoothness model is impacted most by the faulting of a pavement, in this case, 

the cracking model’s significant sensitivity to the flexural strength is why the IRI shows the 

sensitivity shown in Figure B84.  Additionally, Equation 19 shows that the strength of the 

concrete is factored directly into the spalling of the pavement, and the spalling value has a large 

impact on the smoothness based on the coefficient that is applied in the smoothness model. 

28-day Compressive Strength 

 While it has been recognized that the compressive strength of concrete is not the best 

parameter to model the performance characteristics of a concrete pavement since pavements fail 

due to tension more often than compression, the compressive strength of a mix is probably the 

material property with which pavement designers and contractors are most familiar.  Similar to 

the flexural strength, the compressive strength is used to determine the PCC modulus of 

elasticity which is used in determining the pavement stresses and strains, and ultimately the 
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performance responses.  The sensitivity of the performance responses to the 28-day compressive 

strength is shown in Figures B85-B87. 

 The trends observed in Figures B85-B87 are nearly identical to those discussed about the 

modulus of rupture or flexural strength.  This is because in the program, the two can be selected 

to be used individually or together.  Since this research only focuses on the sensitivity of the 

models to one specific input and not interactions between inputs, they were tested individually.  

When only one of the properties is input into the program, the software uses Equation 7 to 

convert between modulus of rupture and compressive strength of the concrete for use in the 

performance models.   
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CHAPTER THREE 

FLEXIBLE PAVEMENT DESIGN 

Overview of Flexible Pavement Design 

The MEPDG software utilizes the M-E approach in analyzing a theoretical pavement section 

provided by a designer. Ultimately, it is important to recognize that the resulting predicted 

performance of the theoretical pavement is significantly influenced by the characterization of the 

traffic loadings, environmental conditions, and material properties. The primary thrust of this 

research is to assess the relationship between each input and the predicted response model for a 

given pavement section.  

Out of the many techniques available to determine the stresses, strains, and deformations 

in a flexible pavement, two flexible pavement analysis methods have been incorporated into the 

MEPDG software. The JULEA multilayer elastic theory program is used to determine the 

pavement response for pavements that are treated as linearly elastic while the 2-D finite element 

system code (2SD2D) developed by Dr. C. Desai is used to determine the pavement response 

where unbound material nonlinearity is also considered [6].  

Once the pavement response is determined, transfer functions relate the pavement 

responses to pavement damage. Transfer functions relate the theoretical computation of 

“damage” at some critical point in a pavement with measured distress to complete the M-E loop 

of the pavement design. The MEPDG accumulates damage in increments, usually on a monthly 

basis, over an entire design period. Within each increment, critical stresses and/or strain values 

are calculated and converted to incremental distresses, which include percent damage for top 

down and bottom up fatigue cracking, total depth for rutting, and IRI for pavement smoothness. 

Incremental damage for all distresses are summed and output at the end of each analysis period 
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by the MEPDG software [6]. Therefore, a designer can check the extent of each distress at a 

particular time period (for instance at the 10 year/120 month point), and make changes to the 

pavement design in order to meet required compliance levels. 

MEPDG Material Inputs 

The primary inputs required for flexible pavement analysis in the MEPDG include the following: 

• Traffic loading 

• Pavement cross-section 

• Poisson’s ratio for each layer 

• Elastic modulus for each layer 

• Thickness of each layer 

• Coefficient of thermal expansion   (1) 

From the inputs provided, the stresses, strains, and displacements, at “critical” locations within 

the pavement structure, are calculated. Three critical strains are determined using equations 21-

23 using two material properties for each layer, the Poisson’s ratio, µ, and the elastic modulus, E.  

Major strain:   )]()[/1( trzz E σσµσε +−=      Eq. 21 

Intermediate strain:  )]()[/1( rtrr E σσµσε +−=      Eq. 22 

Minor strain:    )]()[/1( zrtt E σσµσε +−=      Eq. 23 

where E  = Elastic modulus 
 µ  = Poisson’s ratio 
 σz  = Major stress 
 σr  = Intermediate stress 
 σt  = Minor stress 
 
Based on equations 21-23, it is evident that the user is required to provide the Elastic modulus, E, 

and the Poisson’s ratio, µ, of each HMA layer in order to calculate the strains that will be used in 
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Figure 175B: Sensitivity of Pbe to IRI for Phase III (12.5mm ARK 70-22)
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Figure 176B: Sensitivity of Pbe to SDC1 for Phase III (12.5mm GMQ 70-22)
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Figure 177B: Sensitivity of Pbe to SDC2 for Phase III (12.5mm GMQ 70-22)
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Figure 178B: Sensitivity of Pbe to BUD for Phase III (12.5mm GMQ 70-22)
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Figure 179B: Sensitivity of Pbe to Rutting for Phase III (12.5mm GMQ 70-22)
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Figure 180B: Sensitivity of Pbe to IRI for Phase III (12.5mm GMQ 70-22)
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Figure 181B: Sensitivity of Pbe to SDC1 for Phase III (12.5mm JET 70-22)
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Figure 182B: Sensitivity of Pbe to SDC2 for Phase III (12.5mm JET 70-22)
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Figure 183B: Sensitivity of Pbe to BUD for Phase III (12.5mm JET 70-22)
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Figure 184B: Sensitivity of Pbe to Rutting for Phase III (12.5mm JET 70-22)
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Figure 185B: Sensitivity of Pbe to IRI for Phase III (12.5mm JET 70-22)
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Figure 186B: Sensitivity of Pbe to SDC1 for Phase III (12.5mm MCA 70-22)
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Figure 187B: Sensitivity of Pbe to SDC2 for Phase III (12.5mm MCA 70-22)
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Figure 188B: Sensitivity of Pbe to BUD for Phase III (12.5mm MCA 70-22)
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Figure 189B: Sensitivity of Pbe to Rutting for Phase III (12.5mm MCA 70-22)
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Figure 190B: Sensitivity of Pbe to IRI for Phase III (12.5mm MCA 70-22)
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Figure 191B: Sensitivity of Pbe to SDC1 for Phase III (25.0mm ARK 70-22)
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Figure 192B: Sensitivity of Pbe to SDC2 for Phase III (25.0mm ARK 70-22)
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Figure 193B: Sensitivity of Pbe to BUD for Phase III (25.0mm ARK 70-22)
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Figure 194B: Sensitivity of Pbe to Rutting for Phase III (25.0mm ARK 70-22)
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Figure 195B: Sensitivity of Pbe to IRI for Phase III (25.0mm ARK 70-22)
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Figure 196B: Sensitivity of Pbe to SDC1 for Phase III (25.0mm GMQ 70-22)
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Figure 197B: Sensitivity of Pbe to SDC2 for Phase III (25.0mm GMQ 70-22)
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Figure 198B: Sensitivity of Pbe to BUD for Phase III (25.0mm GMQ 70-22)
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Figure 199B: Sensitivity of Pbe to Rutting for Phase III (25.0mm GMQ 70-22)
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Figure 200B: Sensitivity of Pbe to IRI for Phase III (25.0mm GMQ 70-22) 
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Figure 201B: Sensitivity of Pbe to SDC1 for Phase III (25.0mm JET 70-22)
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Figure 202B: Sensitivity of Pbe to SDC2 for Phase III (25.0mm JET 70-22)
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Figure 203B: Sensitivity of Pbe to BUD for Phase III (25.0mm JET 70-22)
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Figure 204B: Sensitivity of Pbe to Rutting for Phase III (25.0mm JET 70-22)
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Figure 205B: Sensitivity of Pbe to IRI for Phase III (25.0mm JET 70-22) 
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Figure 206B: Sensitivity of Pbe to SDC1 for Phase III (25.0mm MCA 70-22)
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Figure 207B: Sensitivity of Pbe to SDC2 for Phase III (25.0mm MCA 70-22)
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Figure 208B: Sensitivity of Pbe to BUD for Phase III (25.0mm MCA 70-22)
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Figure 209B: Sensitivity of Pbe to Rutting for Phase III (25.0mm MCA 70-22)
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Figure 210B: Sensitivity of Pbe to IRI for Phase III (25.0mm MCA 70-22)
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APPENDIX E 
 

HOT-MIX ASPHALT MIXTURE DATA 
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Mix Type ARK 12.5mm  
Binder 70-22  
   
Gradation Properties:   
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 0.0  
19.00 100.0  
12.50 92.9  
9.50 85.1  
4.75 55.3  
2.36 29.2  
1.18 20.2  
0.60 17.3  
0.30 13.7  

0.150 9.7  
0.075 5.7  

   
 Actual Modified 
% AC 6.0 6.0 
% Air Voids 4.6 8.0 
%VMA 14.1 16.0 
%VFA 67.2 50.0 
Dust/Asphalt Ratio 1.3 1.5 
Max Specific Gravity, Gmm 2.364 2.364 
Bulk Specific Gravity, Gmb 2.254 2.175 
%Gmm @ Nini 86.7  
%Gmm @ Ndes 95.4  
Effective Specific Gravity of Blend, 
Gse 2.576 2.576 
Specific Gravity of Binder, Gb 1.031 1.031 
Specific Gravity of Aggregate, Gsb 2.467 2.467 
   
%Binder effective by volume* 9.4 9.1 
   
   
*(calculated using HMA volumetric analysis spreadsheet) 
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Mix Type GMQ 12.5mm  
Binder 70-22  
   
Gradation Properties:  
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 100.0  
19.00 100.0  
12.50 94.8  
9.50 89.7  
4.75 69.4  
2.36 47.9  
1.18 34.4  
0.60 23.4  
0.30 14.1  

0.150 8.2  
0.075 5.1  

   
 Actual Modified 
% AC 5.5 5.5 
% Air Voids 5.0 8.0 
%VMA 16.2 18.8 
%VFA 68.9 57.4 
Dust/Asphalt Ratio 1.0 1.0 
Max Specific Gravity, Gmm 2.417 2.417 
Bulk Specific Gravity, Gmb* 2.295 2.223 
%Gmm @ Nini 88.4  
%Gmm @ Ndes 95.0  
Effective Specific Gravity of Blend, 
Gse 2.622 2.622 
Specific Gravity of Binder, Gb 1.031 1.031 
Specific Gravity of Aggregate, Gsb 2.587 2.587 
   
%Binder effective by volume** 11.2 10.8 
   
*(data was modified to maintain air voids at 8.0%) 
**(calculated using HMA volumetric analysis spreadsheet) 
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Mix Type Jet 12.5mm  
Binder 70-22  
   
Gradation Properties:   
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 100.0  
19.00 100.0  
12.50 93.6  
9.50 86.4  
4.75 55.6  
2.36 34.2  
1.18 23.2  
0.60 16.8  
0.30 10.3  
0.150 5.7  
0.075 3.5  

   
 Actual Modified 
% AC 5.5 5.5 
% Air Voids 4.2 8.0 
%VMA 14.7 18.1 
%VFA 71.3 55.8 
Dust/Asphalt Ratio 0.7 0.7 
Max Specific Gravity, Gmm 2.407 2.407 
Bulk Specific Gravity, Gmb* 2.306 2.214 
%Gmm @ Nini 88.7  
%Gmm @ Ndes 95.8  
Effective Specific Gravity of Blend, 
Gse 2.610 2.610 
Specific Gravity of Binder, Gb 1.031 1.031 
Specific Gravity of Aggregate, Gsb 2.555 2.555 
   
%Binder effective by volume** 10.5 10.1 
   
*(data was modified to maintain air voids at 8.0%)  
**(calculated using HMA volumetric analysis spreadsheet) 

 

 

 

 

 



  

E-5 

Mix Type MCA 12.5mm  
Binder 70-22  
   
Gradation Properties:   
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 0.0  
19.00 100.0  
12.50 93.1  
9.50 80.4  
4.75 50.8  
2.36 36.6  
1.18 24.7  
0.60 15.6  
0.30 9.5  

0.150 6.1  
0.075 4.2  

   
 Actual Modified 
% AC 5.0 5.0 
% Air Voids 6.0 8.0 
%VMA 13.7 15.5 
%VFA 55.8 48.4 
Dust/Asphalt Ratio 1.2 1.2 
Max Specific Gravity, Gmm 2.417 2.417 
Bulk Specific Gravity, Gmb 2.271 2.223 
%Gmm @ Nini 86.0  
%Gmm @ Ndes 94.0  
Effective Specific Gravity of Blend, 
Gse 2.601 2.601 
Specific Gravity of Binder, Gb 1.031 1.031 
Specific Gravity of Aggregate, Gsb 2.499 2.499 
   
%Binder effective by volume* 7.7 7.5 
   
*(calculated using HMA volumetric analysis spreadsheet) 
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Mix Type ARK 25.0mm  
Binder 70-22  
   
Gradation Properties:   
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 94.0  
19.00 82.0  
12.50 67.0  
9.50 60.0  
4.75 40.0  
2.36 23.0  
1.18 16.0  
0.60 13.0  
0.30 11.0  

0.150 8.0  
0.075 4.7  

   
 Actual Modified 
% AC 5.3 5.3 
% Air Voids 4.5 8.0 
%VMA 13.1 16.2 
%VFA  50.6 
Dust/Asphalt Ratio  1.2 
Max Specific Gravity, Gmm 2.398 2.398 
Bulk Specific Gravity, Gmb 2.289 2.205 
%Gmm @ Nini   
%Gmm @ Ndes   
Effective Specific Gravity of Blend, 
Gse 2.594 2.594 
Specific Gravity of Binder, Gb 1.021 1.021 
Specific Gravity of Aggregate, Gsb 2.492 2.492 
   
%Binder effective by volume* 8.5 8.2 
   
*(calculated using HMA volumetric analysis spreadsheet) 
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Mix Type GMQ 25.0mm  
Binder 70-22  
   
Gradation Properties:   
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 98.0  
19.00 86.0  
12.50 64.0  
9.50 51.0  
4.75 29.0  
2.36 21.0  
1.18 16.0  
0.60 13.0  
0.30 9.0  
0.150 6.0  
0.075 3.1  

   
 Actual Modified 
% AC 4.4 4.4 
% Air Voids 4.0 8.0 
%VMA 13.0 16.7 
%VFA  52.1 
Dust/Asphalt Ratio  0.8 
Max Specific Gravity, Gmm 2.478 2.478 
Bulk Specific Gravity, Gmb 2.380 2.279 
%Gmm @ Nini   
%Gmm @ Ndes   
Effective Specific Gravity of Blend, 
Gse 2.650 2.650 
Specific Gravity of Binder, Gb 1.028 1.028 
Specific Gravity of Aggregate, Gsb 2.614 2.614 
   
%Binder effective by volume* 9.0 8.7 
   
*(calculated using HMA volumetric analysis 
spreadsheet)  
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Mix Type Jet 25.0mm  
Binder 70-22  
   
Gradation Properties:   
   

Sieve Size (mm) Blend  
50.00 100.0  
37.50 100.0  
25.00 97.0  
19.00 90.0  
12.50 66.0  
9.50 54.0  
4.75 37.0  
2.36 24.0  
1.18 17.0  
0.60 13.0  
0.30 8.0  
0.150 5.0  
0.075 3.2  

   
 Actual Modified 
% AC 4.6 4.6 
% Air Voids 4.5 8.0 
%VMA 13.0 16.6 
%VFA  51.8 
Dust/Asphalt Ratio  0.8 
Max Specific Gravity, Gmm 2.436 2.436 
Bulk Specific Gravity, Gmb  2.242 
%Gmm @ Nini   
%Gmm @ Ndes   
Effective Specific Gravity of Blend, 
Gse 2.608 2.608 
Specific Gravity of Binder, Gb 1.028 1.028 
Specific Gravity of Aggregate, Gsb 2.565 2.565 
   
%Binder effective by volume* 9.0 8.6 
   
*(calculated using HMA volumetric analysis spreadsheet) 
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Mix Type MCA 25.0mm   
Binder 70-22   
    
Gradation Properties:    
    

Sieve Size (mm) Blend   
50.00 100.0   
37.50 100.0   
25.00 94.0   
19.00 85.0   
12.50 74.0   
9.50 64.0   
4.75 34.0   
2.36 22.0   
1.18 15.0   
0.60 10.0   
0.30 7.0   
0.150 5.0   
0.075 3.6   

    
 Actual Modified  
% AC 5.0 5.0  
% Air Voids 4.5 8.0  
%VMA 13.3 16.4  
%VFA  51.2  
Dust/Asphalt Ratio  0.9  
Max Specific Gravity, Gmm 2.430 2.430  
Bulk Specific Gravity, Gmb 2.320 2.235  
%Gmm @ Nini    
%Gmm @ Ndes    
Effective Specific Gravity of Blend, 
Gse 2.622 2.622  
Specific Gravity of Binder, Gb 1.016 1.016  
Specific Gravity of Aggregate, Gsb 2.540 2.540  
    
%Binder effective by volume* 8.7 8.4  
    
*(calculated using HMA volumetric analysis spreadsheet)  

 


